Truncating at the second order of the mutual potential between two rigid bodies, timeexplicit first order solutions to the rotations and the orbital motion of the two bodies in the planar full two-body problem (F2BP) are constructed. Based on this analytical solution, equations of motion (EOMs) for the related restricted full three-body problem are given.
Introduction
The full two-body problem (F2BP) is a model dealing with the orbital motion and rotational motion of two rigid bodies of finite sizes influenced by their mutual gravitational potential. One example of such a system is the binary asteroids in the solar system. Denote the two bodies as A and B, there are 12 degrees of freedom for this system (6 for the orbital motion and 3 for the rotational motion for each body). By studying their relative orbital motion, the 6 degrees of freedom for the orbital motion can be reduced to 3 degrees of freedom [1] , exactly as we have done for the two-body problem. The mutual dynamics of the system is governed by the mutual potential between the two rigid bodies which depends on their relative orbit and relative attitude [2, 3] . Generally, except for some special cases [4] , there is no closed form for the mutual potential [5] [6] [7] [8] [9] . As a result, except some studies on the qualitative description of the system [3, [10] [11] [12] [13] , works on the motions of the system [14] [15] [16] [17] [18] are usually carried out for potentials truncated at finite orders. A simpler version of the full two-body problem is the planar case where the two bodies are simulated by two ellipsoids [19] . The two ellipsoids are rotating along their primary principal axis and the orbital plane is coincident with the rotational planes of the two bodies. This model is often used to qualitatively describe the fission process of binary asteroids [9, 18, 20] , and is the model that will be analytically treated in this work.
Except the dynamics of the full two-body problem itself, there are also some studies on the dynamics of a massless particle in this system [21] [22] [23] [24] [25] [26] . The model consisting of two rigid bodies and a massless particle is usually referred to as restricted full three-body problem (RF3BP). A practical application of this model is the orbital motion of spacecraft or ejecta in the binary asteroid system [27, 28] . Most of these studies assume a double synchronous state (both bodies' rotation speed equals that of the orbital motion) of the F2BP so that the orbital and rotational motions of the two bodies can be treated as constant rotations. However, the double synchronous state is just one special state of the F2BP. For example, in the solar system, only a minor fraction of the binary asteroid systems is in a double synchronous state. As a result, it is useful to consider more general silence@nju.edu.cn cases where one or two of the two bodies are not in synchronous rotation with their orbit. In this case, analytical solutions to the orbital and rotational motion of the F2BP are useful in expressing the equations of motion (EOMs) of the massless particle in the related RF3BP in an analytical form. However, to the authors' knowledge, analytical treatments of the F2BP seldom appear in literatures [29] due to the complexity caused by the spin-orbit coupling in the F2BP. In this contribution, the authors try to provide the first order time-explicit analytical solution to the planar F2BP, and use this solution to give EOMs for the corresponding RF3BP. The purpose of current study is to lay foundations for future studies of the orbital motion of massless particles in this system. One remark is that the current work is based on regular motions of the two rigid bodies in the F2BP.
The paper is organized as follows. In Section 2, we briefly introduce the most general form of the F2BP, and gradually reduce the complexity of the problem by first neglecting higher order non-spherical mutual potential terms and then only considering the planar problem. For the most general case of the F2BP where the two bodies' rotations are not in resonance with their orbital motion, analytical solutions truncated at the first order of the mutual orbit eccentricity e and the nonspherical terms are given. In Section 3, we give out explicit expressions of the EOMs for the related RF3BP. Complete form of the EOMs is firstly given. Using the analytical solution of the F2BP, we expand the complete EOMs (to the first order in e and non-spherical terms) as those of the CRTBP plus perturbation terms. In Section 4, we briefly discuss the applicability of the EOMs of the RF3BP. Section 5 concludes the study.
Full two-body problem

Model description
The two rigid bodies are denoted as A and B in Fig.  1 . Generally, three frames will be used in this paper. Body-fixed frame of A (denoted as O A − α α α A β β β A γ γ γ A in Fig. 1 ), body-fixed frame of B (denoted as O B − α α α B β β β B γ γ γ B in Fig. 1) , and the inertial frame O − e 1 e 2 e 3 . Usually, we put the origin of the inertial frame O at the barycenter of the system.
Denote the matrices C A and C B as 
Complete equations of motion
In the inertial frame, equations of motion (EOMs) for the orbital motion S is
where
In the body-fixed frame of A(B), EOMs for the rotational motion are Except the form of Eq. (2), we can also write the EOMs of the orbital motion in one body's fixed frame as did by Maciejewski [3] . Here we prefer the inertial frame. The reason for this is because the unperturbed orbital motion (i.e., the two-body problem, see Section 3) is usually described in the inertial frame.
Second order truncation
Except for special cases, generally there is no closed
